Glial cells extrude acid equivalents to maintain pH . Although four mechanisms have been described so far, pH -control
Ž . PII S0005-2736 98 00044-3 ( )change in the absence of bicarbonate ions does not w x regularly cause failure of pH-regulation 5,6 , and why this system is considered the prime transporter of acid equivalents at physiological pH although in astrocytes it becomes fully activated only at pH -vali ues far below 7.0, and, in the case of C6 glioma cells w x it is virtually inactive at physiological pH 7 .
i The problem might be solved by the inclusion of a fifth transport system into the framework of glial pH-control, a proton-translocating H q -ATPase which w x q has been recently described for glial cells 8 . HATPases so far have been studied best in epithelial cells which are capable to translocate protons by directed transport. An example is the brush border w x q membrane of renal cells 9 . H -ATPases, however, are also responsible for pH-regulation of macrophages w x q 10 . Interestingly, in these cells the H -ATPase is the primary pH-regulating system at physiological w xpH 11 , whereas Na rH -exchange is activated i only at more acidotic pH -levels.
i This work, therefore, was designed to study the contribution of H q -ATPases to glial pH regulation i in more detail. An in vitro system was used, which allows the investigation of the contribution of single, defined transport mechanisms under controlled enviw ronmental conditions. As in previous studies 7,12-x w x 16 , C6 glioma cells 17 were employed as model cells with many properties typical for astroglial cells in order to obtain a sufficient number of homogeneous cell cultures for statistical evaluation of the results.
There are several subtypes of H q -ATPases Ž q vacuolar-type H -ATPases, F F -ATPase, localized, 0 1 e.g., in the mitochondrial membrane, and the E E -1 2. ATPases, e.g., gastric H rK -ATPase . Consequently, specific inhibitors were used in order to discriminate between these subtypes. Since the activation setpoints for various pH -regulating systems in i glia are not known in detail, an additional attempt was made to define such thresholds for Na q rH q -exchange, the postulated 'physiological' pH-controlling transport system in the absence of bicarbonate. Cell volume is a sensitive parameter reflecting the net effect of ion fluxes across the cell membrane. It was Ž also evaluated in this study in addition to the deter-.
mination of pH since pH-control by Na rH -exi change differs in one essential point from the effect of H q -ATPase: it is accompanied by changes of cell volume due to the gain of osmotically active sodium ions in exchange for protons which come from intracellular buffers and, therefore, are thought to be w x osmotically inactive 18 . sodium-free medium was required, NaCl was replaced by choline chloride.
Material and methods

Chemicals and solutions
The pH of the media was adjusted with HCl and NaOH or choline base in case of sodium-free medium and the osmolality was adjusted to 300 mOsm using NaCl or choline chloride.
Cell culture
C6 glioma cells were cultivated in petri dishes Ž Falcon Optilux 3003, Becton Dickinson, Plymouth, . UK using Dulbecco's modified Eagle's medium Ž . DMEM; Boehringer Mannheim, FRG with 100 IUrml Penicillin G, 50 mgrml Streptomycin and Ž . 10% fetal calf serum FCS, Gibco, Paisley, UK . The cells were grown in humidified room air with 5% CO at 378C. Subcultivation was carried out daily 2 after detachment of the cells from the petri dish using 0.05% trypsinr0.02% EDTA in phosphate-buffered Ž . saline PBS .
For pH measurements, petri dishes with confluent i cultures were inserted into a measurement chamber Ž . allowing for the control of temperature 378C and gas supply. Within this chamber, petri dishes were superfused with fresh medium using a peristaltic Ž . pump IPS 4, Ismatec, Wertheim, FRG . To prevent the dye from bleaching, the cells were illuminated only for 4 s each measurement, and kept dark otherwise. The emitted light was quantified by a Ž . photomultiplier Leitz, Wetzlar, Germany . An ArD-board was used for on-line averaging of the signals for the two excitation wavelengths. The further evaluation of the accumulated data was performed by a PC using self-programmed BASIC software. The intracellular pH was calculated from the intensity ratio of the emitted fluorescence at two excitation wavelengths, thus correcting for inhomogeneous distribution of the dye, loss of dye, or photobleaching.
Measurement of intracellular pH
To calibrate the measurements, the nigericin w x method was used 19 . BCECF-loaded cells were incubated in isotonic media containing 120 mM K q and 7.5 mM nigericin. Calibration measurements were performed over a range of pH 6.0-8.0.
Acid loading
Acid loading was performed through the exposure of cells at 378C to isoosmotic, HEPES-buffered media containing 25 mM NH Cl for 20 min followed by . respective experiments, NBD-Cl 100 mM or Ž . amiloride 1 mM were applied 10 s before and after NH Cl withdrawal. 4 
Measurement of cell Õolume
For cell volume measurements cells were harvested, suspended in the medium, which was later used for the different experimental setups, and preincubated in a chamber placed directly under the mea-Ž suring capillary of the cell analysis system described . below . This incubation chamber allows us to perform the experiments with close control over extracellular pH, temperature, O , CO and N . A mag-
netic stirrer prevents cell sedimentation. The experiments were performed at 378 C. Samples for cell volume measurement are directly drawn from the chamber into the 'Cell Analyser Ž System CASY1 TTC' Scharfe System, Reutlingen, . Germany . The principle of volume measurement is based on an advanced Coulter method combined with modern signal processing procedures termed 'pulse w x area analysis' 20 , allowing the discrimination of particle sizes with a dynamic range of 1:27.000 Ž . smallest vs. largest particle .
Statistics
Results are expressed as mean " standard error of Ž . the mean SEM . The data were tested for statistical significance by the Kruskal-Wallis test for nonparametric one-way analysis of variance and multiple comparisons on ranks for unpaired samples using Ž . SigmaStat software Jandel Scientific, Erkrath, FRG . Statistical significance was accepted at an error probability of p -0.05.
Results
pH under physiological conditions i
At an extracellular pH of 7. In further experiments, it was tested whether a stimulation of Na 
pH recoÕery from an intracellular acid load i
The application of 25 mM NH Cl goes along with Ž . After exposure to amiloride 1 mM , which inhibits Na q rH q -exchange, an unexpected observation was made. In some experiments the pH recovery i after an acid load was virtually unaffected, whereas Ž . in others almost no recovery was seen Fig. 7 . A closer look at the data revealed that in the subgroup showing a good recovery the degree of acidification was less pronounced than in the non-recovering subgroup. This can be concluded from parallel control experiments without inhibitor. In the first amiloride-Ž . treated subgroup n s 6 , 2 min 30 s after NH Cl 
Ž . iodoacetate also induces acidification Fig. 3 . As iodoacetate is not a selective inhibitor and has several unspecific effects, this observation is certainly no conclusive evidence. On the other hand, we have gained quite some experience with this substance and are confident that energy production is completely w x blocked 13 . Inhibition of glycolysis could lead to an intracellular acidification regardless of the H q -ATPase, because elimination of energy supply also inhibits Na q rK q -ATPase, thus resulting in a decrease of the Na q -gradient, which is the driving force Žfor other pH-regulating systems Na rH -exchange, N a HEPES-buffered media which was even more reduced if no Na q at all was present in the media. Compared to the kinetics of acidification, the delay of the swelling may appear somewhat surprising. On the other hand, activation of the Na q rH q -exchanger will not take place immediately after NBD-Cl application, but only after pH has fallen below a critical value. Swelling is expected to occur once intracellular Na q is increased significantly, which likely requires some time after activation of Na q rH q -exchange, and may explain the delay of the swelling response. Besides, the cell volume measurements were performed using suspended cells which, in contrast to adherent cells exhibit a rounded shape with retracted processes and a decreased surfacervolume ratio which might influence the kinetic properties of transport systems involved in pH-regulation.
Assuming a Na -exchange under physiological conditions in those cultures. Considering, however, the broad variation of glial subtypes and specialized functions attributed to them, it is not unlikely that there are also differences in acid-extrusion mechanisms. Those glial cells in particular which serve as an interface between the cerebral parenchyma and the vasculature should possess special capabilities to modulate extracellular pH in the vicinity of resistance vessels, and, therefore, are most likely to contain H q -ATPase activity. In fact proton-translocating ATPases have been identified in rat cerebral microvessels as well as the w x surrounding parenchyma 29 which is known to contain an abundance of glial endfeet.
Furthermore, inconsistent use of the pathways of pH -regulation may result from the peculiarities of in i vitro processing of cultured cells, as it is known that the culture conditions can influence the activity of pH-regulating mechanisms. Especially the Na q rH q -exchanger is known to be stimulated by a host of protein kinase C stimulating agents such as phorbol w x w x esters 26 but also growth factors 25,30 which are abundant in most culture media. The highly active Na Astrocytes not only regulate their internal pH, but in addition also have specialized functions for pH homeostasis of the brain extracellular fluid. Moreover, astrocytes are anatomically separating neurons and the microcirculation. Hence, they are a dividing element between two compartments, just as renal epithelial cells are in the kidney. Like them, H q -ATPases could enable astrocytes to perform a di-( )rected transport of protons, i.e., from the cerebral parenchyma to blood vessels, thus facilitating acid removal but also the communication of high neuronal activity to the microcirculation by local periarteriolar acidification.
